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The effect of heat treatment on the microstructure and microhardness of a Ni–Fe based superalloy for
700 °C advanced ultra-supercritical coal-ﬁred power plants was investigated. Results showed that the
main phases in the alloy were γ, γ′, MC and M23C6, and no harmful phase was observed in the alloy.
M23C6-type carbides discretely distributed nearby grain boundaries as the alloy was aged at above
840 °C. The microhardness decreased with increasing aging temperature. The coarsening of γ′ led to the
increment of microhardness at 780 °C and 810 °C for a short aging time, and a signiﬁcant decrease in
microhardness after aging at 840 °C. The aging temperature had more signiﬁcant role on the micro-
structure than holding time. Therefore, to obtain optimum strengthening effect for this alloy, the aging
temperature should not exceed 810 °C.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It is well known that steam temperature and pressure are es-
sential to the thermal efﬁciency of conventional fossil power
plants. Improving steam parameters and the use of secondary re-
heat system to increase the efﬁciency and reduce pollutants
emissions of power plants have been pursued worldwide. Re-
searches indicate that while the plants operating under 35 MPa/
700 °C, it had high thermal efﬁciency more than 50% and reduc-
tion of CO2 emissions about 30% [1–3]. The main enabling tech-
nology in achieving the above goals has been the development of
stronger high temperature materials. The requirements for can-
didate materials of the key components are excellent creep rup-
ture strength, tensile strength, high oxidation resistance, good
workability and low costs. With respect to the working conditions,
Ni–Fe based superalloys with high creep rupture strength and
corrosion resistance have become one of the main candidate ma-
terials [4,5].
Microstructure of a crystalline superalloy is a key factor in its
technological application as it determines a wide variety of
properties, which is greatly determined by the heat treatments.
Both grain size and distribution of precipitates can signiﬁcantlyy. Production and hosting by Elsev
).
als Research Society.inﬂuence the mechanical properties [6,7]. The heat treatment re-
commended for nickel-base superalloys are suggested primarily to
produce better distribution of γ′ and carbides. Generally, a solid
solution heat treatment is intended to obtain moderate grain size
and dissolve the precipitating phase for subsequent re-precipita-
tion in an optimized morphology and size. Then, with the sub-
sequent one or double steps of aging treatments, it is possible to
achieve controlled γ′ re-precipitation and M23C6 typed carbides
growth at grain boundaries. Meanwhile, it is noted that the high
temperature aging treatment always is used for the formation of
carbides and large size of γ′ particles, while lots of ﬁne γ′ particles
are formed during the low temperature aging term [8,9]. Previous
studies showed that the solution treatment and double aging were
applied on the heat treatment of GH 2984 alloy and Waspaloy,
while solution treatment and one-step aging treatment were used
for heat treatment of Inconel 740 alloy [9–11]. Both the one-step
and two-step aging treatments are expected to obtain optimum
matching between the grain interior strengthening and grain
boundaries strengthening, which could resulted in excellent
comprehensive properties. Therefore, in the light of one new su-
peralloy and its service conditions, systematic analyses of heat
treatment process and its corresponding microstructure are crucial
to the mechanical properties.
The aim of present work is to optimize the temperatures and hold
times of heat treatments for a new Ni–Fe based superalloy of 700 °C
advanced ultra-supercritical (A-USC) coal-ﬁred power plants, toier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. Predicted phase diagram of the alloy. (a) Equilibrium phase diagram, and (b) TTT curves.
Fig. 2. Microstructure of alloys after different aging temperatures. (a) 810 °C, (b) 840 °C, (c) 870 °C, and (d) 900 °C.
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its role on micro-hardness with various heat treatments.2. Experimental procedures
The experimental alloy used in this work was a Ni–Fe based
superalloy with the nominal composition of Ni-16.0Cr-1.0Mo-
1.0W-0.8Nb-2.4Ti-1.8Al-0.15Si-0.5Mn-0.15Cu-25Fe-0.003B-0.06 C
(in wt%). Microstructure analyses were focused mainly on the
carbides and γ′ precipitation of the alloy with different heat
treatments processes. All the samples were heated with onesolution treatment 1150 °C/1 h, air cooling, to obtain a moderate
grain size. Then high temperature aging treatment were con-
ducted at temperature of 810–900 °C for 1 h, and low temperature
aging treatment varied from 780 °C to 840 °C for 1 h, 8 h and 16 h,
respectively. The microstructures of the heat-treated samples were
examined after etching with 20 ml H2Oþ20 ml HClþ4 g CuSO4
þ5 ml H2SO4. Micrographic examinations were made on Hitachi-
S4800 ﬁeld scanning electron microscope (SEM) equipped with
energy dispersive spectrometer (EDS). The microhardness tests
were examined by microhardness tester (MHVD-1000IS) with load
of 100 g for 10 s. The current work focused on the phase trans-
formation was assisted by JMatPro simulations (Version 7.0).
Fig. 3. Distribution of M23C6 carbide at grain boundaries. (a) 810 °C, (b) 840 °C, (c) 870 °C, and (d) 900 °C.
Fig. 4. Microhardness of alloy at different aging temperatures.
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3.1. Thermodynamic calculations
Fig. 1 shows the equilibrium phase diagram and Time, tem-
perature, transformation (TTT) curves diagram simulated by
JMatPro software. The main precipitated phases were γʹ particles,
MC and M23C6 type carbides, s, Laves, and MxBy phases. γʹ phase
appeared at the temperature below solidus temperature about
300 °C, so there was enough heat treatment window for the op-
timization of heat treatment. MC carbides nucleated at above the
liquidus temperature, and its weight fraction started to decrease
while M23C6 formation at 806 °C. Topologically Close-Packed (TCP)phases, such as s and Laves phases, precipitated at below 700 °C.
Different from the equilibrium phase diagram, η, δ and γʹʹ phases
were discovered in TTT curves (Fig. 1(b)). In particular, η-Ni3Ti
phase appeared in the alloy after exposure at 920 °C within 1 h.
Therefore, the formation of η should be especially concerned in the
heat treated microstructure. Laves, δ and s would appear in
samples after aging for hundreds of hours below 750 °C.
3.2. Microstructure and microhardness
After solution treatments, the specimens received one-step
aging treatment. Fig. 2 shows the microstructure of the alloy aged
at 810 °C, 840 °C, 870 °C, 900 °C for 1 h, respectively. The average
grain size was about 138 μm. The grain size is mainly dependent
on the solution temperature and time, and regardless of the sub-
sequent aging temperature. Meanwhile, annealing twins in the
grains were observed. It was clearly seen that primary MC carbides
and M23C6 carbides also appeared in the polycrystalline superalloy.
Most of the MC carbides had an irregular blocky morphology and
located both at the grain boundaries and in the interdendritic re-
gions, and M23C6 mainly distributed nearby the grain boundaries.
Minor carbide precipitates, including MC, M6C and M23C6, have
great inﬂuences on mechanical properties of superalloys [12,13].
Fig. 3 shows the morphologies of M23C6 type carbides. For
samples aged at 810 °C and 840 °C, plate/block-shaped M23C6
particles uniformly distributed at grain boundaries. With the in-
creasing of aging temperature, the amount of M23C6 decreased and
more carbides appeared non-uniform distribution. Furthermore,
partial carbides nearby the grain boundaries inclined to grow into
the grain interior (Fig. 3(c) and (d)). There are two main sources of
formation of M23C6, the degeneration of MC at high temperature
and the combination of residual carbon with Cr at low
Fig. 5. Morphologies of γ′ phase at different aging temperature, (a) 810 °C, and (b) 840 °C.
Fig. 6. Morphologies of γ′ phases with different aging treatments, (a) 780 °C/8 h, (b) 780 °C/16 h, (c) 810 °C/8 h, (d) 810 °C/16 h, (e) 840 °C/8 h, and (f) 840 °C/16 h.
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Fig. 7. Microhardness and γ′ size of alloys with different aging treatments, (a) microhardness, and (b) γ′ size.
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M23C6 phase started to precipitate at 806 °C, and then the amount
reached to a maximum value in a short time. Actually, during the
non-equilibrium phase transformation process, plenty of carbides
formed at above the equilibrium precipitation temperature of
M23C6. γ′ particles dissolved into the matrix and different type
carbides dissolved or precipitated during the solution treatment.
The primary MC decomposition can be described by the reaction:
γ γ+ → + ′ ( )MC M C 123 6
Then the local enrichment of γ′ forming elements (Ni, Al and
Ti), which was caused by the precipitation of the M23C6 carbide,
resulted in the formation and growth of γ′ precipitates around the
M23C6 carbide.
The distribution and morphologies of M23C6 carbides are es-
sential to the mechanical properties of superalloys. The continuous
M23C6 at grain boundaries could promote the mechanical prop-
erties of the superalloys by effective preventing the movement of
dislocations [14]. With the increased aging time, the precipitation
and coarsening of M23C6 carbides would develop into a thin con-
tinuous ﬁlm on grain boundaries, which could withdraw much
solid solution strengthening elements from γ matrix and weaken
the superalloy. Meanwhile, if the ﬁne carbides at the grain
boundaries became larger ones or ﬁlms at high temperature, the
resistance to moving dislocations would decrease severely [15]. In
case of the 700 °C A-USC power plants, the superalloys for high
temperature components serviced at a medium temperature,
which was inclined to exposure the mismatch of grain interior
strengthening and grain boundary strengthening. Therefore, in
order to obtain excellent high temperature properties, one aspect
is to obtain higher intragranular strengthening, the other hand is
to produce continuous plate/block-shaped M23C6 particles dis-
tribution to enhance the intergranular strengthening. In this work,
the alloy presented good distribution of M23C6 carbides after aging
at 840 °C and 810 °C for 1 h, which suggested excellent effect of
pining dislocations.
Fig. 4 shows the microhardness variation of the alloys with
different aging terms. The microhardness decreased with in-
creasing aging temperature. For the microhardness tests, all the
diamond-shaped points were selected in inner grain and kept
away from the grain boundaries, which suggested that the mi-
crohardness was mainly dependent on the γ′ precipitation
strengthening. The phase diagram showed the γ′ precipitated at
986 °C, and the weight fraction increased with decreased tem-
perature in a short time. Meanwhile, the precipitation temperature
of γ′ phase in TTT curves was about 930 °C. It was clear that γ′ grew
up at elevated temperature. The SEM micrographs of γ′ phase inFig. 5 display the coarsening tendency during thermal exposure at
810 °C and 840 °C. The average γ′ size of the alloy aged at 810 °C
and 840 °C were 33 μm and 54 μm, respectively. Therefore, the
drop in microhardness may be explained by considering the
weaken γ′ precipitation hardening for higher aging temperature
because of the coarsening γ′ size. Furthermore, the higher aging
temperature depressed the nucleation of γ′ particles, which also
provided additional degradation of precipitation hardening.
Microstructure evolution of the alloy aged at 780 °C, 810 °C and
840 °C for longer time are shown in Fig. 6. It was found that γ′
particles gradually grew up with the increasing holding time at
constant aging temperature, and coarsened with the elevated
aging temperatures at constant aging time. γ′ particles held
spherical morphology during the heat treatment processes.
Moreover, the inﬂuence of aging temperature on the coarsening of
γ′ was greater than that of time variations.
It is well known that the γ′ morphology is mainly related to the
lattice mismatch between matrix γ and γ′, elastic strain energy and
surface energy of the precipitates. In nickel based superalloys, γ′
precipitates always show spherical in as cast samples and appear
cubic after heat treatment [16,17]. The morphology of γ′ changed
from spherical to cuboid and needle with increasing degree of
lattice mismatch [18]. In most wrought nickel based superalloy, γ′
showed sphere morphologies for initial heat treatment, then
coarsened and transformed to cubic with increasing exposure time
and temperature, suggesting the interface of γ/γ′ might be semi-
coherent [19]. For the investigated nickel based superalloy, γ′ held
spherical morphologies during heat treatment. It is likely that the
alloy kept high surface energy and low coherent strains.
Fig. 7 shows the corresponding variation of γ′ diameters and
microhardness of the alloy. With increased aging temperature, the
microhardness decreases slightly. At 780 °C and 810 °C, the mi-
crohardness increased with aging time, while the microhardness
decreased with the increasing of aging time at 840 °C. The changes
of γ′ size at different aging conditions are shown in Fig. 7b. The size
of γ′ increased with holding time, and almost kept stable after
thermal exposure at 780 °C and 810 °C. After aging at 840 °C, the
size of γ′ is over 50 μm, which may be over aged.
In superalloys, previous studies have found that the coarsening
of γ′ and appearance of η phases were harmful to the micro-
hardness [20]. Thus, the selected aging treatments for nickel based
superalloy can be attributed to enhance the effect of γ′ strength-
ening and avoid the formation of harmful phases. During the aging
process, the coarsening of the strengthening phase is by the means
of migration of solutes to obtain the dissolution of small particles
and growth up of large particles, to minimum the surface energy,
which is consistent with the Ostwald theory [21]. As the average
size of γ′ increases, the strength of the superalloy increases with
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although the size of γ′ increased with aging time, the microhard-
ness increased gradually resulting from the better distribution of γ′
in the matrix. However, the obvious coarsening of γ′ and larger
distance between γ′ particles lowered the microhardness of alloy
at higher temperature. So the propositional aging temperature of
the alloy is approximately 810 °C to obtain a maximum strength.4. Conclusions
The heat treatment processes for a new Ni–Fe based superalloy
were inevitable to be optimized. The major ﬁndings are as follows:
(1) The typical precipitates of the alloy at the serviced and hot
working temperature were γ matrix, γ′ precipitates, MC and
M23C6 type carbides. No harmful phases appeared in the alloy.
(2) The microhardness of the alloy decreased with increasing
aging temperature, and increased with aging time at tem-
perature of 780 °C and 810 °C. Discrete distribution of M23C6
carbides were discovered at grain boundaries after aging at
above 840 °C.
(3) γ′ phases coarsened and held spherical morphologies with
increasing exposure temperature and holding time. Better
distribution of γ′ particles and high microhardness were ob-
tained at 810 °C, which was suggested as the candidate aging
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